ABSTRACT This paper considers the control of one unmanned semi-submersible vehicle (USV), named BQ-01, where the submersible depth cannot exceed a few meters in the presence of environmental disturbances. Consequently, the depth control performance measures and the rejection of disturbances, such as those due to sea waves, must be within pre-determined ranges to ensure maximum use of such vehicles. This paper develops a control scheme that combines the state feedback control and rule-based supervision for depth control, where the entries in the feedback control matrix are adjusted by rules formulated from the state errors in the USV diving plane. Surge speed also plays an important role in adjusting control parameters because of its coupled relationship with the state depth of the diving plane. The results from sea trials are given and confirm the potential of the design.
I. INTRODUCTION
Application areas for USVs include bathymetric surveys [1] and support autonomous underwater vehicle (AUV) operations by serving, for example, as communication relays [2] . These vehicles are suitable for the use in data collection under adverse weather conditions [3] ,but are subject to external disturbances arising from the complex sea states that arise in the allowed shallow submerging water area [4] , [5] . A USV can be considered as a semi-submersible autonomous underwater vehicle, such as Sea Keeper [6] and the Typhoon AUV [7] , for which depth control is difficult due to the strong external disturbances from sea surface. Also a USV is strongly coupled system, which is another factor in terms of the difficulty of control design [8] - [10] . In recent years, various control algorithms have been proposed for underwater vehicles while considering the aforementioned technical difficulties.
Model uncertainty is regarded as the main problems in control of underwater vehicles. Generally, traditional control methods need accurate mathematical models, which lead some difficulties to control underwater vehicles with
The associate editor coordinating the review of this manuscript and approving it for publication was Donatella Darsena. unknown models [11] . Most control schemes consider the uncertainty of underwater vehicle control models by resorting to some adaptive or fuzzy controllers that do not completely rely on the precision of control models [12] . An adaptive autopilot is proposed to deal with uncertainty in the pitch and yaw channels of an AUV system [13] . Computer-torque controller plus robust adaptive fuzzy observer is introduced to control underwater vehicle suffering from uncertainties [14] . Besides, state feedback control with H-infinity robust control is considered to solve the problem of parameter uncertainty in AUV motion model [15] . Aided by feed-forward and a high-gain observer, an output feedback control system composed of a MIMO PID controller is proposed to one NTNU's ROV Miner system and validates by full-scale sea trials [16] . The sliding mode controller incorporated an integral action realizes the robust of the path following of one ROV with the unknown dynamics and disturbances [17] .
Moreover, highly coupled and nonlinear states are essential characters of underwater vehicles. Advanced control techniques are capable of coping with the dynamic control performances of underwater vehicles, while also rejecting environmental disturbances [18] . A fuzzy feedback control with a mixed H 2 /H ∞ performance is investigated by using the distributed proportional-spatial integral control approach for a class of nonlinear distributed parameter systems [19] . One adaptive fuzzy tracking control is addressed for a category of pure-feedback nonlinear systems with time-varying delay and unknown dead zone [20] . To achieve good performance for systems with input saturation and output constraint, one novel adaptive fuzzy control with non-strict feed-back is proposed [21] . Feedback control with backstepping control algorithm is taken for the tracking of an under actuated USV system [22] . Using feedback from estimated axial flow velocity, Fossen focuses on the design of a propeller shaft speed controller which demonstrated its superior performance and robustness [23] .
This work reported here focuses on the vertical plane control of one USV system called BQ-01during sea trials. The BQ-01 control faces three major challenges: some hydrodynamic coefficients unknown, disturbances from unpredicted sea environments and the coupling states effects. The dynamical performances of the vertical plane control are sensitive to the sharply changing of these coupling states and complex disturbances. Due to the highly nonlinear marine vehicles and the significant environment disturbances, it is a great challenge to control Unmanned Semi-submersible Vehicles (USVs) without knowing the model parameters.
USV systems' vertical plane states such as the depth, pitch angle velocity and pitch angles are usually coupled with surge speeds. And these states are often corrupted by the unexpected surge speeds or the worried environments. Moreover, pitch angles and submerged depths should be confined according to the mechanisms of the studied USV system. Angles should not so large unless the system would be damaged because of losing rapidly weight center.
In the literature there are only a small number of papers, see above, which address motion control systems for USVs, where one option would be consider the use of a proportional plus integral plus derivative (PID) controller. According to some other kinds of underwater vehicles control, it is possible to develop a linear state-space model for depth control law design but there is a high degree of uncertainty associated with the model coefficients and also it is strongly coupled to the surge speed [24] . In the first set of sea trials, it is dispirited that the performance of an auto-tuned PID controller is evaluated because of the disappointed control performances of vertical plane control. However, this establishes the need to consider other forms of control laws. As universal approximators, fuzzy logic systems have been applied broadly to modeling and controlling for nonlinear systems [25] , especially for nonlinear systems without understanding model parameters. Generalized fuzzy rules and state feedback control and integral for the depth control of BQ-01 are presented for BQ-01.
The new design in this paper develops a design where rule based control is used to vary the gains in the state feedback control law to take account of the uncertainty. In doing so, it is recognized that this is only one of a wide range of designs that could be considered, alternatives include forms of adaptive control and the sea trial results that form a major part of this paper will provide comparators for alternative designs. This paper begins in the next section with a brief description of the vehicle used in the sea trials, with emphasis on the control law will actually be implemented and the mathematical model for the vehicle depth. The following sections form the main body of the paper and details control law design and the results from the sea trials conducted. The paper concludes with a section summarizing the progress reported and discussion of possible future research and development.
II. MODELING A. BASIC PERFORMANCES OF BQ-01
BQ-01 system is a semi-submersible vehicle which should not completely submerged into water, or else some water may flow into it from its chimney and breaks down some important parts equipped inner system. Therefore, the strictly demanded pitch angles and submerged depth of the USV system should be carefully considered during designing controllers. To make sure the USV safety, the pitch angles and the submerged depth are confined to [−15, 15] degrees and [0, 3] meters, respectively. Therefore, the depth controllers not only take into account the complex disturbance and strong nonlinear which weaken the robustness of system, but also thoroughly consider these limitations. It is important for BQ-01 system that the control performances of the vertical plane should be very well especially the 3 meters submerged depth during sea trials. Figure 1 is a photograph of the USV considered in this paper and Figure 2 gives the earth-fixed and body-fixed frames used. The features of BQ-01 are as the followings: its power source is a diesel engine, its body can submerge a certain depth, its breather pipe should not be awash, otherwise, some water will enter its control cabinet. All these prove that it is a new underwater vehicle which had not been designed in China. The length of BQ-01 is 5.9 meters, and the width is 2 meters. Its performance basic indices are the maximum surge speed 15 knots, the maximum submerged depth is 3.5 meters, the strongest drag force is 10000N@10kn. Depth control is by use of two stern and two bow rudders and in this paper the main subject is depth control as this is a major contributor to poor performance. Depth control is realized by two lateral stern rudders on the aft-body of the vehicle. And the internal structure diagram of the BQ-01 presents in Figure 3 .
The mathematical model of a USV consists of six nonlinear differential equations for the six degrees of freedom [26] . These differential equations are strongly nonlinearities and are coupled. Hence they must be simplified for controller design. The body of a USV is not completely submerged in the water and therefore cannot avoid the influence of sea waves.
In sea trials, operational issues dictate that the maximum submerged depth achieved should never be greater than a pre-specified value since otherwise the USV would suffer damage caused by water flowing down the chimney and for the vehicle used in this research the maximum depth is 3.5m. Also for a given step change in depth state the maximum error should not be more than 0.5 m. Figure4 shows the USV running on the sea surface and Figure5 the USV in semi-submerged mode of operation. Next the dynamic model used is detailed.
B. KINETIC AND DYNAMIC MODELS OF USVs
The mathematical model of a USV consists of six nonlinear differential equations for the six degrees of freedom. These differential equations are strongly nonlinearities and are coupled. Hence they must be simplified for controller design. The body of a USV is not completely submerged in the water and therefore cannot avoid the influence of sea waves. According to [13] , governing equations of the vertical plane should be extracted to briefly describe these states for designing controller.
Around USV nominal cruising conditions the heave velocity (ω) can be taken as(ω ≈ 0) and the pitch angle (θ ) assumed to be such that sin θ ≈ θ is valid [27] . The depth motion in the earth-fixed frame iṡ
where u is forward speed, or surge speed (meter/second), z is submersible depth (meter). Since the pitch angle is limited that θ ∈ [−π/12, π/12], sin θ is approximately equal to the angle values θ described by radians according to the characters of trigonometric function, viz. sin θ ≈ θ , also the pitch kinematics can be described bẏ
where q is the pitch rate of USV. The pitch rate is given by where δ s (radian) is the stern plane in radians and is the control input, W is the gravity force of BQ-01 and B the submerged buoyancy force, I y is the moment of inertia in the y direction, Z and M (with the appropriate subscript) are the hydrodynamic coefficients. Hence the state variables for the diving plane are selected as the depth z (m), the pitch θ (radians) and the pitch rate q (radian/sec), resulting in the state-space model
where
For analysis, it is convenient to write the dynamics in terms of the state errors, i.e.,
where the subscript d on variables denotes the desired values and 
Some correlative parameters of the expression are briefly introduced: state variables (corresponding units) are depth z (meter), pitch angle θ (radian), and pitch rate q (radian/second). Some model parameters are denoted by the TABLE 1: where the density of seawater is ρ = 1025kg/m 3 , and the length of USV is L = 5.9m. Depth control of BQ-01 is controlled by two lateral stern rubbers arranged on the system's aft-body during sea trials. The vertical plane model is described as Eqs. (1) to (3) based on the controlled object and the decoupled model [28] .
III. CONTROL LAW DESIGN AND EXPERIMENTAL EVALUATION
The USV control model is so complex that controllers are not organized easily for the movement of USV systems. Generally, it is predigested by some wits and experts who are skilled in the designing of control algorithm according the mechanism of underwater vehicle systems. The deflection range of control rudders for BQ-01 is physically restricted in the range of (−20 • , 20 • ) viz. (−π/9, π/9) radians. The pitch angles which are constrained to θ ∈ [−15 • , 15 • ] viz. θ ∈ [−π/12, π/12] radians should not abandon themselves to anywhere. And this method should be taken because the submerged inertia might lead to the submerged depth go beyond 3.5 meters because of the large mass of BQ-01. Therefore, some proper methods need to be taken into account in order to cope with these threshold problems.
A. PID CONTOLLER AND SEA TRIALS
As starting point and to provide a baseline for comparison of designs, a PID control law was employed in a sea trial [29] , [30] . In the digital domain this control law has the form
where in all sea trial results given in this paper the sampling period used was T = 0.2 s. Figure 6 gives the results obtained from a sea trial with the PID control law applied where the vehicle is required to dive to a desired depth of 1 m and then return to the surface. These sea trial results were obtained with
As a more challenging test for this PID control law, Figure 7 gives the results obtained from a sea trial with the VOLUME 7, 2019 FIGURE 7. Sea trial results for the PID control law (8) with settings (10) with an in operation change in depth.
same control law settings where the first command was to achieve a depth of 1 m and then after 332 sec the target depth was changed to 2 m. Although the response is stable, the transient and steady state response is somewhat poor. For the first trial the percentage overshoot is approximately 25% and the peak overshoot, greater than 34% is very large and raises questions over the safety of the vehicle. Moreover, Figure7 shows that some buffeting, i.e., the pitch angle is not well controlled, appears as the USV is running through the sea, which indicates that the depth of the USV system is susceptible to the disturbance from the sea environment. Another issue that should be considered is the influence of the surge speed.
The design of a control law, such as state feedback, requires a model that has some degree or accuracy and also the coefficients in any nominal model used for design, in a robust control setting or otherwise, must be known [29] . This may not be the case and in this paper the first attempt at control law design is by auto-tuning of a Proportional plus Integral plus Derivative (PID) control law, i.e., no mathematical model is used. Sea trial results confirm that such an approach can produce a control law but with limited performance. The remainder of the paper then develops a control law that is based on selecting a desired set of locations for a linear state feedback design based on the linearized model and then a set of fuzzy rules are used to adjust the control law parameters.
B. FUZZY DYNAMIC FEEDBACK CONTROLLER AND SEA TRIALS
The performance of feedback controller that is model based depends on the accuracy of the model parameters, as well as fuzzy logic systems are used to identify the unknown nonlinear functions [30] . Fuzzy dynamic feedback control algorithm can guarantee robustness against external parameter unknown and poor sea environment [31] , [20] .
Due to the limited submersible depth, motions of USV system are directly influenced by wave forces coming from water surfaces. It's well known that the description of wave forces is a stiff issue so that the external disturbances on the USV motions are difficult to be described by mathematical expressions [22] . Moreover, model parameters of USV system are unknown, which makes the controller more difficult. Control parameters of fuzzy rule-based state-feedback controller are auto-adjusted by fuzzified states errors and surge speeds. Figure 8 depicts the block diagram of the depth control of the studied USV system.
C. STATE FEEDBACK CONTROLLER FOR BQ-01
One alternative to PID control is to assume that the system can be adequately represented by linear time-invariant dynamics for a specified surge speed and design a state feedback law of the following form for (7) . Rearrange the Eq. (7) and describe it as state-space expression presented The key idea of the feedback control is to assign the eigenvalues predesigned according to the desired performances of the system. The eigenvalues are equal to the roots of the character equation of the considered system if there is no pole-zero cancellation.
Theory 1 [32] , [33] : the poles of closed-loop system can be located at any place according to the desired control performances if the plant system is fully controllable.
If a state feedback control law is designed for a given surge velocity, the pole assignment problem has a solution if and only if (11) is controllable based on Theory 1. This property holds unless the surge velocity u = 0 since the controllability matrix in this case
where * denotes an entry not relevant to the current analysis has a non-zero determinant for u = 0. In the sea trials, the pitch angle is limited to the range θ ∈ [−15 • , 15 • ] to ensure that the depth obtained is less than the maximum specified (3.5 m). These limits are based on operational experience.
Preset the form of the feedback control law as 
where κ e z , κ e θ and κ e q feedback control parameters. Suppose also that it is decided to place the controlled system poles at λ e z , λ e θ and λ e q in the open left-half of the complex plane. Then for u = 0 (s − λ e z )(s − λ e θ )(s − λ e q ) = det(sI − (A − BK)) (14) and hence 
Although the preset poles of the closed-loop system (11) are known, the control parameters cannot be certain because of unknown model parameters a 1 and a 2 . For further analysis, it is convenient to introduce
κ e θ = − λ e θ λ e q + λ e z λ e θ + λ e z λ e q u 2b +ã 
Remark 1:
The surge speed u used in Eq. (16) should satisfy the following conditions which are confirmed by some trials
where u r is the surge speed of BQ-01, r is the first letter of real. From the analysis above the control law parameters (16) vary with surge speed but the other terms in these equations are constant. Hence introduce
D. FUZZY CONTROLLER FOR BQ-01
The difficulty in progressing with this state feedback design is that there is large uncertainty in the values of some of the model coefficients and hence it is very unlikely that application of this control law to the vehicle would produce acceptable results over the range of surge speeds of interest. It is therefore necessary to consider other forms of control laws and given that the state feedback control law would guarantee stability of the linearized system if the coefficients were not subject to uncertainty, the remainder of this paper uses fuzzy logic based control to tune the control law parameters κ e z , κ e θ and κ e q using the errors in the dive plane e z , e θ and e q . Then using (16) and (17)the following can be introduced
where µ Fz , µ Fθ , and µ Fq are fuzzy control parameters and control parameters κ pz , κ pθ , and κ pq are constant. The resulting control law is
Combining (20) and (11) giveṡ
where A c F (u, t) is called the fuzzy matrix, which contains the fuzzy factors µ Fz , µ Fθ , and µ Fq , is the system matrix of USV system. Some states of the diving plane state-space should be limited because the depth error should be limited e z < 0.5m viz. The maximum diving depth z should be less than 3.5 m; otherwise, the USV system will be destroyed by the water coming from the chimney designed at the USV stern. Meanwhile, the pitch angle is limited within the range θ ∈ [−15 • , 15 • ] to ensure that the depth is limited within the range of depth z. The state of the pitch angle rate q is limited within the range q ∈ [−10
Each of the fuzzy terms µ Fz , µ Fθ , and µ Fq has minimum value zero and maximum value equal to unity and the quantification grades are big, small and zero respectively:
( . The defuzzification process for these rules and the membership functions are computed using Eq. (22) . Figure 9 shows VOLUME 7, 2019 FIGURE 9. Fuzzy dynamical feedback controller for the considered USV system.
the Fuzzy dynamical feedback controller for the considered USV system. 
where z d is the desired depth in operation. Also each fuzzy parameter must be less than unity. The state (z d ) is the desired depth during sea trials. Every fuzzy factor (µ Fz , µ Fθ , and µ Fq ) should not be more than 1, that is, the fuzzy factors should satisfy the following condition:
where sub F * is the generalized signal of F z , F θ , F q . All fuzzy control coefficients are deduced according on the feedback controller. Thus, the stability of the advised controller is asymptotically stable, as validated by some sea trials introduced in the following sections. Figure 10 gives a block diagram of the control system used. During the trials defuzzication was achieved using
IV. DIVING -PLANE CONTROL SEA TRIAL RESULTS
Here the paper pays more attention to depth errors therefore the integral factor is interposed in the dynamic feedback control to eliminate static depth errors. The used control law of the USV in sea trials is (25) where the last term in integral action is introduced for reference tracking. Also there is a surge speed sensor to measure 
According to Tab.1 the coefficient κ pz κ pθ and κ pq can be calculated.
Control performance was first assessed under serene sea states (wave heights in the range 0 to 0.1 m and wind speeds of 1 to 3 miles per hour based on the local weather conditions) and the results from the sea trial are given in Figure 10 . These results give an overshoot of less than 21.5% with a desired depth of 1 m, a settling time is less than 200 s and a steady state error of 5%: The static error curve is smooth and this design gives improved performance relative to the PID control of the previous section. Moreover, they suggest that the USV is robust to the strong disturbances on the sea surface.
To further investigate performance, another sea trial was undertaken to examine depth control performance under the same sea states. The depth requirement was changed from 1m to 1.8 and 3 m at times t = 0, t = 240 and 1500 second respectively. The results in Figure 11 show better control performance than that for the depth control and the overshoot is less than 4%. This value is less than the previous sea trial because the disturbance effects from the sea surface reduce as the vehicle dives deeper. Also the state depth remains stable as the surge speeds vary and hence the depth control overcomes the influences arising from the coupled state surge speed.
The anti-disturbance capability was also examined under poor sea states (wave heights in the range 0.5 to 1.25 m and wind speeds form 8 to 12 miles per hour) and the results are shown in Figures 12 and 13 . The USV surge speed fails to remain stable because of the strong wave disturbance. In the first test the desired depth is 2 m with a surge speed of 3.5 m/s. The results of this sea trial, given in Figure 12 , give minimal overshoot (approximately 11%) and a short settling time (100 s) without steady-state error. The desired depth was then changed from 2 to 3 m, giving the results shown in Figure 13 . These show good control performance and robustness to disturbances from poor sea states.
V. CONCLUSION AND FURTHER RESEARCH
To improve the depth control performance of a USV under different sea states, a control law based on state feedback with the coefficients supervised by a fuzzy rule base has been developed. The state feedback law is designed by a direct method, i.e., the locations for the poles are specified for a linear model of the dynamics at a selected surge speed to meet transient response requirements. Sea trials result have also been given that demonstrate the superiority of this control law over the standard PID law. In particular, improved depth control performance has been verified in the presence of disturbances from different sea states.
The control of USV has so far received relatively little attention in the literature and the results given in this paper need to be built on in several areas. In the case of depth control further research is required to counter the effects of the coupling between depth and the surge speed. As highlighted by the sea trial results, the control law designed in this paper gave better performance compared to PID but did not completely eliminate buffeting (associated with pitch angle control). Hence further research effort should be directed to the combined control of the depth and surge speed. The second issue arises from the large inertia of the vehicle and hence it cannot submerge at low speed. Control laws to overcome this problem are also required.
